Affective neuroimaging has contributed to our knowledge of generalized anxiety disorder (GAD) through measurement of blood oxygenation level-dependent (BOLD) responses, which facilitate inference on neural responses to emotional stimuli during task-based functional magnetic resonance imaging (fMRI). In this article, the authors provide an integrated review of the taskbased affective fMRI literature in GAD. Studies provide evidence for variable presence and directionality of BOLD abnormalities in limbic and prefrontal regions during reactivity to, regulation of, and learning from emotional cues. We conclude that understanding the sources of this variability is key to accelerating progress in this area. We propose that the cardinal symptom of GAD-worry-predominantly reflects stimulus-independent mental processes that impose abnormal, inflexible functional brain configurations, ie, the overall pattern of information transfer among behaviorally relevant neural circuits at a given point in time. These configurations that are inflexible to change from the incoming flux of environmental stimuli may underlie inconsistent task-based findings.
T r a n s l a t i o n a l r e s e a r c h tions may be abnormal, and how the synchrony of brain function across two or more regions may be perturbed. In aggregate, these tools have provided much-needed insight regarding the functional brain abnormalities observed in the GAD phenotype. In this paper, the authors provide an integrated review of the emotional task-based fMRI literature in GAD. Resting state, cognitive studies, and pre/post treatment comparisons have been excluded from the scope of this review due to space constraints. The goal of this effort is threefold: (i) to synthesize and integrate the body of literature for the purposes of clearly disseminating key patterns of findings to the interested reader; (ii) to highlight relevant trends over time in the design, conduction, and findings of GAD imaging studies; and (iii) to provide future directions and general guidelines for continued research in this area.
Methods
In line with the scope of the review, we focused on identifying studies that investigated emotional task-based BOLD fMRI responses in individuals with the diagnosis of GAD. The following criteria were instituted: (i) primary publication in English; (ii) primary comparison of a diagnostically defined GAD sample (or subsample from larger studies investigating anxiety transdiagnostically) against at least one healthy comparison group and/or other patient group; (iii) use of BOLD fMRI during an affective task as a primary outcome measure; and (iv) sample size within each cell of at least eight participants (case studies were excluded). To identify studies, the authors conducted a literature search in PubMed using broadly defined search terms: ["generalized anxiety" OR "generalised anxiety" OR "GAD"] AND ["imaging" OR "fMRI" OR "neuroimaging"]. The scope of articles was further shortened through review of search results and assessment of whether each study met the above criteria.
Results
Using the search terms listed above, a total of 608 articles were initially identified. Individual review of each narrowed this pool down to 30 studies (Table I) . We review the results below, subdivided by functional domain assessed.
Facial affect processing
Numerous BOLD imaging studies in GAD have focused on the assessment of brain responses to facial expressions of emotion, particularly fear. Fear faces robustly activate limbic circuitry, such as the insula and amygdala, 33 which are implicated as being hyperactive in various anxiety manifestations.
26, 34 The amygdala is crucial for the induction of a fear response to an external stimulus 35 and is critically involved in fear learning 36 and emotion perception. 37 The insula is implicated in representing the physiological state of the body, a process known as interoception, 38 which provides information regarding changes in internal body signals upon which subjective emotional states are based. 39 Evidence for hyperactive amygdala and insula function in anxiety disorders, such as social anxiety and specific phobia are robust, 34, 40 but results in GAD have been mixed. In adults with GAD, some studies have observed hyperactive amygdala responses to processing fearful vs happy faces 26 and processing 10 of and adaptation to face-word emotional conflict, 12 whereas others have found decreased amygdala activation to gender identification of fearful vs neutral faces 6 and viewing of negative pictures, 15 and yet others have found no differences in amygdala activation during fearful face processing, 5 facial affect processing of angry, fearful, or neutral faces, 30 or viewing of aversive pictures. 8, 29 At least one study observed a hyperactive anterior insula response to threatening vs neutral picture viewing in the absence of amygdala abnormalities. 29 Findings in adolescent and child samples have also been mixed, with amygdala hyperactivity detected in an adolescent GAD sample only when they were attending to their own subjective feelings of fear in response to a fearful face but not when attending to the affect of the face itself. 4 Other studies have used a dot-probe paradigm with angry and neutral faces to probe amygdala reactivity. The dot-probe utilizes a rapid presentation of a pair of stimuli (usually an emotional and neutral face) fol- lowed by a probe in the location of one of the preceding stimuli. The participant signals the location of the probe as quickly as possible, which facilitates inference on attentional bias, ie, the extent to which the participant's attention was drawn to the location of the emotional cue and the level of difficulty disengaging from the emotional cue. These studies observed hyperactivity of amygdala responses in youth with GAD only when the angry faces were masked from conscious awareness through rapid replacement of the emotional probe with a neutral one. 7 When faces were consciously processed, the amygdala response was normal, but the ventrolateral prefrontal cortex (vlPFC) was hyperactive. 3 Anxiety symptoms were inversely correlated with degree of vlPFC activation, suggesting a potential compensatory function. This finding converges with a study in adult GAD that observed a hyperactive lateral prefrontal response to consciously processed angry faces without any amygdalar differences. 6 Although the dot-probe has not yet been examined in adult GAD with imaging, these studies preliminarily suggest that amygdala abnormalities may be modulated by the focus or level of attention given to an emotional cue during the task.
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Conflicting results may also be accounted for by abnormal amygdala responses in GAD to facial stimuli other than fearful faces, which are often used as baseline or comparator conditions in affective imaging tasks. For example, one study in adult GAD observed diminished amygdala and insula responses to a happy face-processing comparator condition that was contrasted with fearful and angry face processing, resulting in an exaggerated contrast magnitude with differences driven by the baseline condition only. 23 Another study observed similarly increased magnitude of amygdala responses to neutral faces, but not angry faces, in adults with GAD. 21 Similarly, amygdala interactions with other brain structures may influence variability, often investigated through context-dependent functional connectivity, ie, the degree of synchrony of BOLD responses in two regions in interaction with task conditions. A higher degree of synchrony is thought to indicate that two regions show greater connectivity during one task condition relative to another. One study observed elevated amygdala-insula connectivity in adults with GAD during processing of fearful and angry vs happy facial expressions, 23 consistent with the role of these regions in emotion processing 41 and in anxiety 34 more generally. Findings for abnormal amygdala-prefrontal connectivity in GAD are also abundant. A recent study observed increased connectivity between the amygdala and dorsomedial prefrontal cortex (dmPFC) and dorsal anterior cingulate (dACC) during the processing of fearful vs happy faces in a transdiagnostic anxiety sample composed of individuals with GAD and social anxiety (this finding was also present in the GAD sample alone), and higher levels of anxiety symptoms were related to greater connectivity of the amygdala with the dACC/ dmPFC. 24 Similarly, another study observed increased connectivity during the processing of threatening vs neutral pictures between the amygdala and the dorsal mid-cingulate cortex, which is anatomically and functionally related to the dACC, 42 as well as increased connectivity between the anterior insula and dorsal midcingulate. 29 In contrast, other findings demonstrate deficient amygdala-ventral anterior cingulate (vACC) connectivity in GAD, which supports a specific type of implicit emotional regulatory activity-emotional conflict adaptation. In the first of two studies, 10 GAD participants displayed a reduced dmPFC response to face-word emotional conflict (participants identified fearful or happy facial expressions overlaid with either the congruent or incongruent emotional word), as well as deficient vACC connectivity with the amygdala, which displayed a hyperactive response across all trial types. In healthy individuals, greater vACC-amygdala connectivity was related to the ability to adapt (ie, reduce reaction time slowdown) to the interference arising from an incongruent face-word emotional conflict trial when that trial was preceded by another incongruent trial vs when that trial was preceded by a congruent trial. Deficient dmPFC activation and exaggerated amygdala reactivity to emotional conflict trials is consistent with a study in late-life GAD that observed deficient dlPFC recruitment and exaggerated amygdala reactivity during an emotional Stroop task, 14 a conceptually related paradigm in which participants identify font color during presentation of negative and neutral words. The second study using the face-word emotional conflict paradigm in GAD observed deficient vACC activation, exaggerated amygdala reactivity, and deficient vACCamygdala connectivity during emotional conflict adaptation, which was common across both GAD and major depression.
12 Thus, GAD is associated with selectively diminished connectivity between the amygdala and the vACC/ventromedial prefrontal cortex (vmPFC) during the implicit regulation of emotional reactivity, but increased amygdala connectivity with the dACC/dmPFC during reactivity itself. This dorsal/ventral distinction in amygdala connectivity abnormalities in GAD parallels research that implicates the vACC/vmPFC in inhibition of fear and fear extinction, whereas the dACC/dmPFC and dorsal-mid-cingulate have been implicated in fear expression/generation 43 and aversive amplification.
24
The PFC has also demonstrated abnormalities during emotional reactivity paradigms in GAD, such as hyperactive dACC/dmPFC and vlPFC responses in youth with GAD during assessment of their own emotional response to fear faces, 4 viewing of emotional vs neutral images during a continuous processing task, 17 and hyperactive vlPFC responses during a dot-probe paradigm with angry and neutral faces. 3 In adults with GAD, one study observed attenuated medial and lateral prefrontal responses to fearful, angry, sad, and happy faces (vs neutral), 13 but others observed exaggerated lateral prefrontal responses to angry faces 6 and exaggerated dorsal mid-cingulate and dorsolateral prefrontal (dlP-FC) activation to threatening vs neutral pictures, which was specific to GAD relative to healthy individuals and participants with social anxiety (SAD) or panic disorder (PD). 29 In summary, GAD demonstrates a variable pattern of prefrontal and limbic activation and connectivity abnormalities during the processing of facial affect, which is in stark contrast to other anxiety disorders that demonstrate more consistent patterns of hyperactivity in regions such as the amygdala and insula. 34, 40 The source of this variability is currently unclear, but it may be consequent to factors varying across studies, such as depth of processing and attentional engagement necessitated by the task, as well as age-related changes in amygdala-frontal dynamics during emotion perception. 44 Secondarily, the varying directionality and presence of abnormalities during facial affect processing may reflect shifting functional configurations of brain regions involved in emotional reactivity and emotion regulation due to variation in internal/affective contexts, such as degree of worry or physiological arousal, which may moderate effective inhibition of limbic activation.
Affective learning and regulation
Beyond emotional reactivity, GAD also manifests abnormalities in downstream processes, such as learning to associate cues with affective outcomes, 45 and in deliberately regulating emotional responses to such cues. 46, 47 Two studies have observed abnormal prefrontal responses during the explicit downregulation of emotion in response to affective images. During cognitive reappraisal of aversive images, individuals with GAD displayed deficient activation in dlPFC and dmPFC regions 19 that are crucial for supporting this emotion regulation technique, 48 a phenotype that was also observed in individuals with PD. Another study similarly observed reduced dACC recruitment across individu-T r a n s l a t i o n a l r e s e a r c h als with GAD, SAD, or comorbid GAD/SAD during completion of a cognitive reappraisal paradigm, as well as a second paradigm assessing top-down attentional control. 15 Thus, these findings are consistent with an emotional dysregulatory perspective on GAD, 47 providing evidence for deficient recruitment of brain regions during explicit emotion regulation in GAD that are consistently implicated in healthy individuals as supporting this psychological process. 48 This may also be a characteristic shared across different anxiety manifestations.
15,19
Other studies have investigated affective learning in individuals with GAD, abnormalities of which may underlie processes thought to be involved in the etiology of the disorder, eg, threat generalization and avoidance learning. 45 One study in women observed that GAD was associated with a reduced capacity for vmPFC discrimination of a fear-conditioned stimulus from stimuli of similar perceptual characteristics, such that those with GAD displayed a flatter slope of vmPFC activation change as a function of stimulus similarity, ie, vmP-FC activation was not as high for stimuli most different from the fear-conditioned stimulus.
20 This is consistent with the role of the vmPFC in fear inhibition and safety learning 49 and suggests that GAD is associated with a deficient ability of the brain to signal safety in contexts that resemble those associated with threat but that have no threat potential.
This same female GAD sample also displayed an abnormally heightened response of the ventral tegmental area (VTA) to stimuli that resembled the fear conditioned stimulus but were never actually paired with shock. 22 This latter finding is quite novel and implicates dysfunction of a key node of the mesolimbic dopaminergic system in GAD, which has classically been associated with reward and approach behavior but is also increasingly recognized as being involved in anticipation and response to aversive stimuli. 50 This system, of which the VTA is a crucial part, is critically implicated in learning stimulus-outcome associations and modifying the predictive value of a stimulus for a particular outcome. 51 This process has been increasingly examined using computational models of operant reinforcement learning in probabilistic decision-making tasks combined with imaging, known as model-based fMRI. 52 With this method, researchers are able to derive from behavioral data individual computational model parameters of expected value (the degree to which a stimulus signals a potential future positive outcome) and prediction error (an adjustment signal that is used to update the expected value of a stimulus via trial and error learning) in paradigms that invoke decision making to obtain rewards or avoid punishments. These individual parameters are then convolved with the hemodynamic response function on a trial-by-trial basis to identify areas of the brain displaying BOLD signal dynamics that conform to this pattern of information processing. A recent study in adults observed that GAD was associated with deficient prediction error signaling in key regions implicated in decision making and affective learning regardless of trial outcome. 32 These regions included the vmPFC, the dACC/dmPFC, anterior insula, posterior cingulate, and ventral striatum. Moreover, when trial outcomes were punishing, the GAD group displayed deficient modulation by punishment prediction errors in the bilateral putamen, globus pallidus, and caudate. This valence-specific striatal abnormality during an incentivized learning task in GAD is partially consistent with a study in pediatric anxiety that observed a valence-specific putamen abnormality in children with GAD during anticipation of increasing magnitudes of monetary gains, but not losses, 16 suggesting some continuity of dysfunctional incentive learning circuitry across development.
In aggregate, these findings point toward abnormal neural and behavioral processes supporting not only reactivity to emotional cues, but also the downstream processes that underlie the regulation of emotional responses to these salient stimuli and the learning and behaviors that follow. Notably, these abnormalities encompass regions of the dorsal and ventral prefrontal cortex and basal ganglia, which is consistent with the role of these circuits in supporting goal-directed behavior, 53 associative learning, 54 and in regulating emotional state implicitly 10 and explicitly. 48 Thus, the GAD neurophenotype manifests a disturbance of behaviorally relevant neural circuits across contexts, rather than a more circumscribed and focal abnormality of structures underlying the fear response and anxiety per se.
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Worry and perseverative cognition
As the cardinal symptom feature of GAD 55 and the center point of its clinical conceptual models, 56, 57 early imaging studies focused on assessing worry and its neural correlates. An imaging study using worry-inducing and neutral spoken sentences demonstrated similar levels of activation in the dACC and dmPFC across both individuals with GAD and healthy comparison subjects, but only in those with GAD did this elevated regional activity persist into a post worry-induction resting state scan.
9 Furthermore, higher elevations in dACC/dmPFC post-worry resting state activity were correlated with higher self-reported levels of worry. Similarly, another study in elderly GAD participants observed that worry induction elicited robust activation in the amygdala and insula across those with GAD and healthy comparison subjects, but the pattern of activation was more prominently frontal in those with GAD. 28 A third study in elderly GAD participants during worry induction and reappraisal observed reduced connectivity between the dmPFC and the dlPFC during worry reappraisal, suggesting an inability of the dmPFC to couple with lateral prefrontal regions for regulation of worry engagement. 25 These findings highlight a pattern of frontal predominance and inflexibility in GAD during states of worry, which is broadly consistent with recent findings that have investigated patterns of connectivity before and after induction of perseverative cognition, ie, worry and rumination. One study investigating amygdala connectivity at rest before and after induction of perseverative cognition observed that individuals with GAD displayed decreased connectivity between the amygdala and the dACC/dmPFC before induction of perseverative cognition that was as prominent an abnormality as the increased connectivity observed between these regions after the induction. 27 This latter finding converges with other resting state studies that have observed reduced connectivity between the amygdala and dACC/dmPFC in adults with GAD. 58 Furthermore, another study in a largely overlapping sample of these participants also observed that before perseverative cognition induction, individuals with GAD displayed less task-induced deactivation of the posterior cingulate and precuneus, the posterior nodes of the resting state default-mode network that display frequent deactivation in response to task demands and elevated activity at rest. 59 In aggregate, these findings support the contention that the brain in GAD is characterized by a striking level of inflexibility in response to changing environmental/behavioral demands, 60 which is consistent with the clinical observation that persistent worry and negative beliefs are generally unamenable to change from contradictory evidence in the environment. 61 
Discussion
These findings highlight limbic and prefontal abnormalities in GAD across behavioral processes and developmental stages. Perhaps more so than any other anxiety disorder, the presence and directionality of these abnormalities varies greatly across studies. Given the significant heterogeneity of findings observed, what can be gleaned from this body of work that will inform future studies and lead to a deeper and more nuanced understanding of the GAD neurophenotype?
We suggest that understanding the sources of this variability is key to progress in this area. Of the anxiety disorders, GAD is unique in that the cardinal, disorder-defining feature is by its very nature potentially independent of environmental input-that is, worry is persistent, inflexible, future-oriented, and does not necessitate any perceptual stimulus or cue in order to arise in the individual's subjective experience. We do not mean that worry does not arise as a consequence of a cue or stimulus, but rather that it has a larger potential for stimulus independence relative to other anxiety symptoms such as avoidance, emotional reactivity, and other cued fear states. Thus, the stimulus-independent potential for worry to arise and persist suggests two critical points: (i) the neurocircuitry orchestrating the worry cascade is probably heavily dependent on topdown medial prefrontal systems implicated in stimulusindependent mental activity, ie, the anterior default mode network, consistent with the prominent GAD mPFC abnormalities reviewed in this paper, as well as imaging studies of worry in healthy individuals 62 ; and (ii) predominant stimulus-independent brain states in GAD that form the foundation for worry are more resistant to change from the perpetual flux of environmental input and more likely to persist in a chronic, inflexible manner. This deduction is consistent with recent clinical theoretical developments that posit worry is not a way to avoid negative emotion in GAD 56 but actually serves to induce a mild, persistent state of negative affect that facilitates an attenuated magnitude of affective shifts arising from stimuli in the environment (known as the contrast avoidance theory 63 ). The idea of a stimulus-independent, maladaptive medial prefrontal "hyperorganization" of the internal milieu is consistent with findings for a reduced capacity of the brain in GAD to discriminate among stimuli signaling safety vs threat, 20 reduced modulation of brain activation by en-T r a n s l a t i o n a l r e s e a r c h vironmental feedback, 32 and a decreased ability to shift brain and physiological states in response to environmental demands.
9, 27, 31 If accurate, the wide variability in task-based activation and connectivity abnormalities in GAD would therefore be expected. Specifically, task-based manipulations are less likely to influence regional brain configurations in a reliable way in GAD, and these configurations are more likely to be dictated by stimulus-independent factors that are resistant to change by experimental input. Thus, depending on the stimulus-independent factors influencing the functional configurations of limbic , and the stimulus (fearful face) during an affective imaging task in healthy controls (graph on top) and individuals with generalized anxiety disorder (graph on bottom). The black brackets indicate periods of the time course that refer to distinct "configurations" of conjoint activity between the dorsomedial prefrontal cortex and amygdala. In healthy individuals, only the first two configurations are represented in the regional time courses. In the individuals with generalized anxiety disorder, however, there are several other distinct configurations of conjoint activity that are represented over the course of the task. Dotted lines indicate periods of the time course that reflect periods of inflexibility, or a failure to change configurations of conjoint brain activity, which may be secondary to brain function being more heavily influenced in individuals with generalized anxiety disorder by stimulus-independent factors. A brain surface is depicted in the lower left hand corner displaying the regions of interest depicted in the hypothetical graphs. BOLD, blood oxygenation level-dependent response; dmPFC, dorsomedial prefrontal cortex; GAD, generalized anxiety disorder.
and prefrontal regions in a given GAD sample, abnormalities may be assessed as increased activation, decreased activation, or null activation differences. We illustrate this potential dynamic in Figure 1 , wherein the range of potential brain states in GAD is proposed to be broader than that of healthy individuals and individuals with other anxiety disorders, but the shifts among these various states are proposed to be less frequent and more invariant to experimental manipulations. If variability is the norm rather than the exception, how can task-based imaging be used to better understand the brain dynamics in GAD? First, it will be crucially important to bring other convergent measures to bear on imaging findings in order to better contextualize their significance. The field has already begun to move in this direction with the recent incorporation of physiological measures such as heart rate variability 27, 31 as well as computational methods that allow for inference concerning the information processed by dysfunctional substrates. 32 Second, the variability in activation values across the task itself may in fact be extremely informative to explore in regards to GAD. Characterization of the amplitudes of low frequency fluctuations in GAD at rest have already yielded potentially valuable insights in this area, 64, 65 but to the authors' knowledge no such investigations have been undertaken in a task context. Of particular importance would be to understand how variability in stimulus-cued activation changes over the course of time and is influenced by other stimulus-independent factors such as mood, arousal level, predominance of worry or rumination, and physiological state. Third, a careful consideration and assessment of the baseline comparator condition in imaging paradigms will be crucial, as existing findings already indicate abnormal responses to stimuli often used as the subtractive condition for a contrast.
21,23 Thus, multiple baseline or comparator conditions might be warranted, as well as careful theoretical considerations of which stimuli are most suitable for this purpose. Furthermore, understanding how spontaneous fluctuations in BOLD signal might contribute differently to variations in taskevoked activation 66 in GAD might be an important area for focus, particularly given the prominent resting state abnormalities observed in the disorder 58, 64 and the variability in task-based findings. Finally, consistent with the recent explosion of "big data" analytic techniques and their application to neuroscience, 67 the time is ripe for the application of these principles to the study of GAD. More specifically, the overwhelming majority of imaging studies in this area have relied exclusively on univariate statistical techniques to characterize brain dynamics, which are well-characterized methods with an illustrious history of application to brain mapping. 68 However, multivariate statistical methods such as multivariate pattern analysis, representational similarity analysis, and machine learning algorithms are being increasingly applied to the study of mental disorders 69 and neuroscience more broadly. 70 Such multivariate tools could be eminently useful for characterizing the functional neuroanatomy of GAD, in which a wide degree of variability in observed abnormalities may derive, at least in part, from the confluence of multiple classifiable abnormal brain states across subjects in a sample, or even within the same subject at different points in time. Moreover, the ability to understand how similar observed levels of activation in a given region, eg, the amygdala, may signify very different information-processing states depending upon the concomitant activation level in other relevant brain structures will be paramount to better understanding the significance of regional brain configurations and how differential access to and assumption of these configurations may reveal unique information regarding worry and GAD. o 
